Abstract-Naphthalene spheres (particle diameter 2 -Z dn K 20 mm) were vaporized in beds fluidized by air at a temperature of about 65°C. The bed material consisted of inert glass beads or alumina in the size range 100 -z dp < 700 pm. Mass transfer coefficients were measured by determining weight loss with time, as a function of da. dp and the fluidization velocity i3. The ratio d,Jdp has been varied from 3 to 200. An interesting conclusion might be that there is no influence of the fluidization velocity on these transfer 
. . r a wall or an object is good.
INTRODUCCION
The present research has been actuated by the problem of mass transfer in coal particle combustion. The combustion rate of a single coal particle in a fluidized bed is an important parameter in reactor modelling of FBC to predict the mass of combustibles and the coal particle size distribution in the bed in relation to the combustion efficiency. In general the combustion rate is modelled either according to the assumption of mass transfer limitation only, or according to the assumption of combined mass transfer and surface kinetic control [ 11. When estimating the mass transfer rate some authors take Sh = 2 (or a somewhat smaller value as a consequence of the porosity and tortuosity of the dense phase), effectively assuming a stagnant gas situation in the particulate phase of a fluidized bed [24] .
Others however, maintain that velocities and coal particle sizes as found in FBC's affect the Sherwood number to an extent that cannot be neglected; they use the well known Ranz-Marshall correlation[5] of the Sherwood number for an isolated single sphere: Sh = 2 + 0.6 Re"~50Sco~33[~10].
In the present investigation an attempt was made to determine the mass transfer factor for single spheres freely moving in a gas fluidized bed of inert particles. This is not only important in relation to fluidized bed combustion but also to other processes in which mass transfer is involved, like drying of freely moving objects, gasification of fossil fuels and several non-catalytic treating processes.
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PREVIOUS WORK
Although an impressive amount of mass transfer data, concerning gas solid systems, have been presented in literature over the last decennia, only a few papers deal with the special case of mass transfer from active particles dispersed in a matrix of inert material. For fluidized bed combustion such a diluted system occurs, as only a small amount of particles are actually reactive. The behaviour of a diluted system is essentially different from an all particles active (pure) system because boundary conditions are not the same (see, e.g. Schliinder[ll] ). This has not always been recognized as such. Diluted systems, however, have been used in view of their experimental advantages. Thoenes and Kramers[ 121 applied the method of dilution for fixed bed measurements with arguments to minimize complications caused by bed inhomogeneities, the effect of axial diffusion, the influence of bed height and uncertainty about the actual driving force. At about the same time Bar-Ilan and Resnick[ 131 presented results of measurements of the rate at which naphthalene particles in a fixed bed vaporized into air passing through the bed. The bulk of the bed consisted of inert material (polystyrene spheres) of size and shape similar to that of the naphthalene particles. Their main argument to use a diluted bed was to avoid saturation conditions in the gas leaving the bed, when large bed heights were applied. The same development has taken place in research on gas particle mass transfer in fluidized beds. In their all particles active fluidized bed experiments Resnick and White[l4] and also Chu et al. [ 151 were restricted to very small bed heights. Relevant to the present work is the investigation on mass transfer in diluted gas fluidized beds by Hsiung and Thodos[16] . Here again, the technique of dilution enabIed the application of deeper beds while preventing saturation conditions. After an analysis of data obtained from several studies, Hsiung and Thodos concluded that the use of a log mean driving force dc presents an oversimplification of the complex hydrodynamic behaviour of a fluidized bed. Therefore they measured concentration profiles of naphthalene in the flow of air through fluid&d beds consisting of naphthalene spheres diluted with inert particles (styrene divinylbenzene copolymer) of a similar geometry, particle size and solid density. The actual driving force however, might be difficult to measure due to the presence of bubbles with a gas composition different from the dense phase.
Special problems arise in fluidized bed mass transfer experiments using the method of naphthalene vaporization: (i) the risk of mechanical erosion of the test sample; and (ii) adsorption of naphthalene by the bed material. If naphthalene vapor is adsorbed on a bed material mass transfer seems to increase considerably [ 171. Bed particles that travel through the boundary layer around the naphthalene sample, and having a certain mass capacity, will pick up some naphthalene vapor to release it elsewhere in the bed. Ziegler and Holmes [18] who measured mass transfer rates rates from a flat naphthalene plate to a gas fluidized bed (45OC) of fused alumina particles, showed that abraded material was normally less than 3% of the total transfer. Baskakov and Suprun[l9] measured mass transfer rates from cylindrical naphthalene samples, fixed vertically in a fluid bed. For beds of corundum particles they proved that neither mechanical erosion of the sample nor adsorption of naphthalene by the bed material do effect the results at temperatures over 60°C. Supported by these experiences, experimental conditions could be chosen so that the above mentioned problems were eliminated. Special experiments, discussed furtheron in this paper, will demonstrate the validity of this statement.
Recently Tamarin[20] presented a model of boundary layer and suspension conditions of a solid particle in a gas flow in order to formulate an analytical expression that could describe gas particle mass transfer in a fluidized bed. The background of this theoretical investigation was the question of mass transfer to a coal particle in fluidized bed combustion. He compared his expression with the experimental data of Hsiung and Thodos[l6] and also referred to results of some combustion experiments (cited in Refs.
[7] and [8]) available in Russian literature. The paper of Tamarin unfortunately lacks direct experimental evidence on the influence of the ratio of the test particle and bed particle diameter. Moreover, the way of interpretation of combustion experiments to mass transfer rates is left rather in the dark. First of all one could raise the question whether CO oxidation takes place in or outside the boundary layer.
Secondly, the temperature of the coal particle certainly differs considerably from the bed temperature causing uncertainty in the transport properties. Finally a possible ash layer around the coal particle might introduce an additional mass transfer resistance.
The [17] that the mass transfer rate in a fluidized bed is essentially the same as in a fixed bed of the same particles and at the same gas velocity (in contrast with the conception in which the moving bed particles are considered to be effective turbulence promotors) will be checked. Furthermore the interesting question of analogy between mass and heat transfer in fluidized beds will come up in connection with the results of some mass transfer measurements in naphthalene adsorbing bed materials. Finally the analytical expression derived by Tamarin to predict mass transfer rates from freely moving objects in a gas fluid&d bed will be tested.
EXPERIMENTAL
The experimental equipment used is shown in Fig.  1 . Air taken from the laboratory supply line was passed through a constant temperature bath before it entered the fluidized bed section.
Details of this section are given in Fig. 2 . The fluidized bed was constructed of steel and had the following dimensions: internal diameter 12.7 cm, length 55 cm. Two perforated steel plates combined with a layer of cotton-wool between them served as a distributor. The pressure drop over the distributor Table 2 . Naphthalene adsorption on various bed materials (65°C) attained. From this analysis we concluded that only non abrading bed materials. To select such a material glass beads or dense alumina microspheres could be first of all adsorption capacities, expressed as milliused as a bed material (see Table 2 Fig. 5 . It is evident that larger bed materials give higher transfer coefficients: in the fluidized bed the velocity of the gas around the naphthalene test particle is expected to be closely related to the velocity for the initiation of fluidization (U,,). Although the presence of bubbles or an increased turbulence could be expected to have some positive influence on the total mass transfer rate, Fig. 6 shows on the contrary that no effect of the fluidizing velocity can be observed over the complete range of bed materials. This is the same conclusion as can be drawn from the results of 
Afterwards ~(j&~ values from our own measurements were plotted against d,/d, for the five different sized bed materials (Fig. 8) [17] that the rate of mass transfer in a tluidized bed is the same as in a fixed bed of similar particles, the same porosity and at the same gas velocity (it should be noted that in case of a fixed bed j, as well as Re are related to the superficial velocity).
Other bed materials: analogy between heat and mass transfer
If bed particles have a certain capacity to adsorb naphthalene vapor on their external and internal surface area, mass transfer will increase considerably. As recognized by Van Heerden et al. [ 171 the transfer mechanism then becomes very similar to that of heat transfer in a fluidized bed. In their experiments mass transfer rates were measured from a naphthalene coated wall to the fluidized bed. Two kinds of bed materials were used differing in adsorption capacity over a factor 25. The difference in mass transfer coefficient however, appeared to be only a factor 2. Similar measurements of the present investigation confirm these experiences. Figure 11 shows the results of measurements in fluidized beds of: (a) dense alumina particles (zero adsorption capacity); (b) sand particles (0.2 mg/g); and (c) porous alumina microspheres (25 mg/g).
In the first case mass transfer rates appear to be the same as predicted from the empirical correlation for glass beads (eqns 4 and 5). In a fluidized bed of sand particles, however, mass transfer coefficients are twice as high, and in a fluidized bed of porous alumina Wall to bed heat transfer coefficients have often been related to the effective capacity of the bed by means of a square root proportionality. Mickley and Fairbanks[26] showed that such a relationship could also be deduced from the mass transfer results with naphthalene adsorbing bed materials as reported by Van Heerden et ai. [17] . The contribution to convective transport by moving particles carrying with them an amount of adsorbed naphthalene is comparable to the contribution of the heat capacity of moving particles in the case of heat transfer. Following the approach of Mickley and Fairbanks, results of the present investigation concerning mass transfer in naphthalene adsorbing bed materials ((silica sand, porous alumina) lead to reasonable values of the stirring factor. For example the mass capacity of the fluidized bed consisting of porous alumina particles (564pm), which adsorb 0.025 gram naphthalene vapor per gram (see Table 2 ) can be calculated as K = 0.025((1 -.~,,&,/t,,,c*) % 4000. The value of the mass transfer coefficient which has been measured is (Fig. 4) . Taking D, = D/4 for the effective diffusivity of naphthalene vapor in the dense phase of the fluidized bed, the stirring factor can now be deduced from the formula (see Mickley and Fairbanks[26]) S = k2/Dgc a 0.8 s -'. The analogy between mass and heat transfer in fluid&d beds could be clarified further by systematic research, using naphthalene adsorbing bed materials over a wide range of adsorption capacities. These bed materials should, however, be characterized sufficiently to enable a proper understanding of the transfer mechanism. In the near future we will start up such a research aimed at the analogy between mass and heat transfer in gas fluidized beds. Naphthalene spheres were clasped between two needles which were in their turn tixed to a frame. After this frame had been inserted into the fltidized bed unit, the sphere was positioned precisely in the centre of the bed (Figs. 12 and 13) Table 3 ). So we may say that there is still a need for a proper boundary layer mode1 describing the mass transfer laws in a system of single active particles dispersed in a (fixed or) fluidized bed of inert material.
CONCLUSIONS
Mass transfer coefficients have been measured from a freely moving single sphere to the dense phase of a gas fluidized bed over a wide range of bed particle and test sample diameters. Not every kind of bed material is suited for such measurements. The effect of mechanical erosion of the test sample and/or adsorption of naphthalene vapor of the bed material was investigated and it was demonstrated that only non porous spherical bed particles should be used. From experimental results the following conclusions may be drawn: -Mass transfer coefficients decrease with increasing test sample diameter up to a certain limit which may be roughtly characterized by a gas contact time of 25 msec (e&J U,,,J). -Mass transfer coefficients do not depend on the superficial velocity. These relations show good consistency with known experimental data for the extreme cases of d,,/dp = 1 and dJd,+ co. 
